Introduction
For several decades researchers have studied pure carbon molecules, attempting to elucidate their physical properties and the processes governing their formation. Carbon molecules have been identified as intermediates in soot formation, they exist in the vapor above heated graphite, 2 and they have been detected in interstellar space, 3 being produced in giant carbon stars. Recently, the verification of the icosahedral structure of the C, molecule"' has launched a new investigation of the formation processes of such novel cage structures. An excellent review of the vast amount of research performed on carbonaceous species through April 1989 has been given by Weltner and van Zee." Given the abundance of research on these molecules, surprisingly little is definitely known about the physical properties of pure carbon molecules containing more than three atoms. Before a model for the formation of the large complexes such as the fullerenes and soot can be fully developed, fundamental information about the building block carbon molecules must be compiled. Determination of the molecular properties of the smaller carbon molecules and how these properties change with molecular size should provide a more complete understanding of these processes.
One of the more controversial issues encountered in carbon molecule research is the determination of the lowest energy molecular geometries. Until recently, this question was addressed mainly by ab inido calculations. Early molecular orbital (MO) calculations by Pitzer and Clementi 7 and Hoffman' predicted that the carbon molecules would have cumulenic linear structures until reaching the size of C 0 , at which time the energy stabilization gained by the formation of an additional bond would be larger than the destabilization created by ring strain and it would form a monocyclic ring. Recent experiments by Saykally, Bernath, Amano, and their co-workers""-" as well as higher levels of theory Z 13 have confirmed this hypothesis for the odd-numbered carbon molecules (up to C), finding linear D.., geometries for the 'Es ground state of each of these species.'"' However, calculations predict that planar monocyclic 'A. isomers exist for even-numbered carbon molecules as small as C 4 , with energies near those of the linear 31 s species. The relative energies of the two forms vary depending upon the level of the calculation, and the energy separations are often less than the error limits of the calculations. Even very high levels of ab inido theory predict that the cyclic forms of these molecules may be energetically more stable than their linear counterparts. 5 However, calculations considering entropic effects have shown that the high temperatures of natural formation conditions thermodynamically favor linear carbon molecules over their non-linear counterparts.1 6 Most quantitative experimental information about carbon molecules containing more than three atoms has been obtained during the last five years. Researchers have employed ESR techniques to detect the linear forms of several even-numbered species in low-temperature matrices. 7 Yang et al. 18 ' 1 9 used anion photoelectron spectroscopy to obtain electron affinities and electronic structure for carbon molecules with up to 84 carbon atoms. They deduced that they were observing the linear forms of C. (n=2-9) and monocyclic ring forms of C. (n=10-29).
Absorption experiments have been performed, both in matrices and in the gas phase. However, conclusive assignment of spectral peaks is often difficult due to the presence of multiple species with varying numbers of carbon atoms. As a result, several bands originally assigned in matrix isolation spectroscopy" have necessarily been reassigned by techniques which are more 1 and C.,, 4 yielding rotational constants and at least one vibrational frequency for each. ' While most experimentalists studying carbon molecules with less than ten atoms have detected only the linear forms of the molecules, evidence for non-linear isomers has been obtained by researchers using the Coulomb Explosion Imaging (CEI) technique, who reported the photodetachment of cyclic forms of C7, C-S, and C7'
Using an anion photoelectron spectroscopy technique similar to that of Yang et al.,' but at considerably higher resolution, we have obtained vibrationally resolved photoelectron spectra of the anions C-through CT,. The use of an anion precursor allows study of the single massselected neutral molecule of interest, circumventing chromophore uncertainties encountered in absorption experiments. The photoelectron experiment also complements infrared aborption experiments by providing vibrational frequencies which are infrared inactive. In addition, since anion photodetachment is a vertical process, the length of the observed vibrational progression provides information about the difference in geometry between the anion and the neutral. The spectra presented here, with the exception of C-, show evidence for transitions between linear carbon anions and linear carbon neutrals. Electron affinities (EA's) are measured for all the linear carbon molecules. Vibrational frequencies are determined for many of the linear neutral carbon species and excited electronic states are assigned for C 4 and C 6 . In addition, the photoelectron spectra of C7 0 and CT,, and to a lesser extent those of CT, C; and C-,, show contributions from what are believed to be non-linear isomers of the carbon anions. The structures of the non-linear anions cannot be determined from these spectra, but it is apparent that 5 photodetachment of these anions results in a significant geometrical reorganization of the neutral.
Experimental
The apparatus used in these experiments is a modified version of our previously described anion time-of-flight photoelectron spectrometer.2 Carbon anions are generated in a Smalleytype laser vaporization/pulsed molecular beam source.2 A XeCI excimer laser is focused onto a rotating and translating graphite rod (0.25" diameter). The resulting plasma is swept through a 1 cm long, 0.25 cm diameter channel by helium carrier gas pulsed from a molecular beam valve (General Valve Series 9), operated at a backing pressure of about 5 atmospheres. The gas mixture expands, allowing relaxation of molecular vibrations and rotations by collisions with the carrier gas atoms. The anions generated in the plasma are injected into a Wiley-McLaren-type time-of-flight mass spectrometer' with a pulsed electric field. After acceleration to an energy of 1 keV, the ions separate out by mass and are detected by a microchannel plate detector. The mass resolution of the instrument, MAM, is approximately 150. The ion of interest is selectively detached by a properly timed pulse of light from a pulsed Nd:YAG photodetachment laser. After photodetachment, a dual microchannel plate detector at the end of a one meter field-free flight tube detects a small fraction (-0.01%) of the detached electrons. Time-of-flight analysis yields electron kinetic energies (eKE); the instrumental resolution is 8 meV at 0.65 eV and degrades as (eKE) 34 at higher electron kinetic energies.
The experiments described below were performed with the third and fourth harmonic frequencies (355 nm, 3.49 eV and 266 nm, 4.66 eV, respectively) of a Nd:YAG laser. The plane-polarized laser beam can be rotated using a half-wave plate. In the spectra shown, unless otherwise specified, the laser beam is polarized at 0 = 54.70 (magic angle) 30 with respect to the direction of electron collection. The spectra presented here are averaged for 100,000 -500,000
laser shots at 20 Hz repetition rate, and smoothed by convolution with a 5 meV FWHM Gaussian. In order to account for the small background electron signal which results from scattered light interacting with the photodetachment chamber surfaces in the 4.66 eV spectra, a background spectrum is collected, smoothed and subtracted from the data.
Results
The photoelectron spectra of the odd carbon anions, C7,,, (n=1-4), obtained using a photon energy of 4.66 eV, are presented in Figure 1 . In these and all other photoelectron spectra, the electron kinetic energy (eKE) is related to the internal energy of the neutral molecule by the expression:
Here, hv is the laser photon energy, EA is the electron affinity of the neutral species, r and T;
are the term values of the specific neutral and anion electronic states, respectively. K and E-" are the vibrational energies (above the zero point energy) of the neutral and anion, respectively.
Rotational contributions to molecular internal energy are neglected. As indicated by Equation
(1), the peaks occurring at lowest eKE in the photoelectron spectrum correspond to the highest internal energy states of the neutral.
As n increases for the C2, molecules, the spectral features shift to lower eKE, indicating an increase in electron affinity. In the C7 spectrum, there are poorly resolved features at high eKE which correspond to the ground state of C. However, there is a single well-resolved peak at low eKE which corresponds to an excited electronic state of C. In each of the spectra of CT, C', and C7, there is a short, congested progression extending to lower eKE.
Since our experimental resolution degrades at higher eKE, experiments using a lower photon energy (3.49 eV) yield better resolved spectra of the ground state progressions of C and C3, Figure 2 and Figure 3 . The C7 spectrum contains two peaks which have multiple shoulders.
The peaks and shoulders are indicated with letters and arrows, respectively. The higher resolution spectrum of C; contains many small peaks in addition to the large peak A, indicating that vibrational excitation of C, occurs upon photodetachment of the Cj anion. Peak positions and assignments for the C;, C-and C7 spectra, discussed in more detail below, are summarized in Table I .
The photoelectron spectra obtained at 4.66 eV for the even carbon anions, C7. (n=l-4), are shown in Figure 4 . As was the case for the C7', spectra, the C, spectra strongly resemble each other, but the electron affinities of the even numbered species are higher than their neighboring C,., counterparts. In the C-and CZ spectra, there are several peaks extending over a larger energy range than the progressions of the C-'I spectra, with a somewhat irregular intensity pattern. Only limited portions of the C; and C-spectra are obtainable with the 4.66 eV photon energy due to the high EA's of C, and C,. The peak positions and assignments for the C7 spectrum are in Table I , and those for the C7 and C; spectra are listed Table III .
Photoelectron spectra of C7 0 and C-', taken with a 4.66 eV photodetachment energy, are displayed in Figure 5 . These two spectra have a significantly different appearance than the spectra of C7 through C;. The C 0 spectrum, Figure 5 , contains broad unresolved band structure possibly indicative of transitions involving multiple electronic states. However, in the C' spectrum, there are resolved peaks superimposed on a broad spectrum which resembles the C-0 spectrum. A long low-intensity tail extends to the high eKE regions of both spectra. These long tails also appear in the C-and C7 spectra and with significantly less intensity in the CT spectrum. This is discussed further in section 4 of the Analysis and Discussion.
Data collected for CZ at two different laser polarizations are shown in Figure 6 . The important difference between the two spectra is the variation of the relative intensities of peaks B and D as a function of laser polarization angle; these peaks are essentially absent in the 0 = 900 spectrum. This behavior will be addressed in greater detail below.
Analysis and Discussion
In this section, the C7 and C7 photoelectron spectra are analyzed in considerable detail and used to lay the framework for the discussion of the larger carbon molecules. The spectroscopy of C 31'32 and C 3 9 P has been studied intensely for several years using a variety of techniques, including anion photoelectron spectroscopy."-3 3' Therefore, the discussion of these systems will be limited to the new information provided by the photoelectron spectra presented here. The spectra of the larger molecules are treated more qualitatively.
The analyses for all the spectra presented here are done within the Franck-Condon approximation. The transition intensity, I, for the process,
is governed by the expression, 
(3)
Here r, is the electronic transition dipole moment and the Franck-Condon factor, I<',,.1',.>I 2 , depends upon the spatial overlap of the vibrational wavefunctions of the anion and the neutral. 3 '
In this approximation, it is assumed that;. does not change significantly over the spatial range covered by the nuclear wavefunction anid is treated as a constant in the spectral simulations.
1) C2
Diatomic carbon, C 2 , has been thoroughly investigated using both absorption and emission spectroscopy." C-one of the few anions known to possess bound excited electronic states, 3 has also been well characterized." Recently, Ervin and Lineberger have obtained a vibrationally resolved photoelectron spectrum of the C7 anion." The use of a higher photodetachment energy (4.66 eV) in the experiments described here reveals transitions to excited vibrational levels and an excited electronic state of C 2 which could not be seen by Ervin and Lineberger.
Shown in Figure 7 is the C-photoelectron spectrum obtained at 4.66 eV photodetachment energy. The spectrum has been simulated ( Figure 7 , bottom) using molecular constants obtained from high resolution data 32 by varying the vibrational temperature, electron affinity and relative intensities of different electronic transitions. Both C 2 and C have low-lying excited electronic states. As a result, several photodetachment transitions are energetically accessible using the 4.66 eV detachment photon energy. Some peak assignments are indicated in Figure 7 and details are given in Table 1 This pattern suggests that the photodetachment cross-section for removal of a 3a electron from this state is higher than that for removal of a In electron from the C-" X 2 r state.
As in Lineberger's spectrum, the C2 X'Z (v' = 0) --C7 X 2 Z,* (v" = 1) and C2 a 3 11. (v' =0) +-C2 X 2 (v" = 1) 'hot' band transitions occur (labelled as a and b, respectively). While the vibrational distribution of the ions produced in our laser vaporization source could be controlled to a considerable extent for the other carbon anions, C-could only be generated under conditions that produced anions with considerable vibrational excitation. The best fit to the spectrum was obtained assuming a vibrational temperature of 3000 K. In addition to the 'hot bands', the anion vibrational excitation gives rise to many sequence bands under the v' = 0 and the v' = 1 peaks of the progressions in the X 1 . and the a 3 l states of C2.
The spectrum also shows photodetachment transitions from the low-lying C7 A 2 1"I first excited state. Signal resulting from the photodetachment of this anion state is observed because its lifetime (ard -50 ps) 41 is comparable to the amount of time between anion formation and photodetachment. One-electron transitions can occur from C-A 2 I 2 1 (3g., = 0.494 eV) 39 to C in the a 3 n,, b 3 " (...2a1n2'3og, T. = 0.798 eV) 3 " and A~r'l excited states. Peak c in the spectrum is assigned to the origin of the C2 a 3 Fl, +-C-A 2 1" transition. Label E in the spectrum represents the energy at which signal is expected for the C AtI. +-C-'A 2 '1l transition; a very small peak may be present there in the experimental spectrum. Electrons resulting from the C b 3 Z " +-C7 A 2 1". transition are expected to appear at eKE -1.1 eV, close to peak D.
However, there does not appear to be a significant contribution to the spectrum from this transition.
2)
C3 has been shown to be a linear but floppy molecule. The C-anion is predicted to be Understanding the features of this spectrum requires consideration of the Franck-Condon principle for molecules with more than one vibrational mode. For an anion and neutral belonging to the same symmetry point group, transitions can occur from the anion ground state to any quantum state of a totally symmetric vibrational mode. Excitation of these modes occurs primarily when there is a difference in bond lengths between the anion and neutral. Typically, excitation occurs in those vibrational modes which most strongly resemble the change in geometry upon anion photodetachment. For non-totally symmetric vibrational modes, symmetry forbids transitions from the anion ground state to odd quanta of excitation in the neutral. Only transitions to even quanta of these neutral vibrational modes will be observed, and transitions to states with v > 0 only occur when there is a large difference in vibrational frequency between the anion and the neutral. The C3 symmetric stretch, v,, is totally symmetric while the bend and the antisymmetric stretch (v 2 and v3, respectively) are non-totally symmetric modes.
In tht; 3.49 eV photoelectron spectrum of C- (Figure 2 ), peaks A and B are assigned to the 0-0 and the I I members of the C3 ; -C X 2 Z s transition, respectively. Our peak spacing of 1200 ± 100 cm " ' for the neutral symmetric stretch agrees well with the value of 1224 cm7' from higher resolution studies.' 3 " The dominance of peak A indicates a fairly small bond length difference between C;" and C, in agreement with the ab inio results.' 2 Peak a is a hot band assigned to the 10 transition, providing a frequency for the C7 v, symmetric stretch of 1075 ± 100 cm', in good agreement with ab inido results (1175 cr, 1 ).' 2 The intensity of peak a indicates that the anion vibrational temperature is less than 450 K.
Peaks A and B are considerably broader (-0.15 eV) than the experimental resolution (-0.025 eV). This breadth is due to underlying vibrational structure which appears as a series of poorly resolved shoulders (indicated by arrows). Lineberger and co-workers partially resolve these transitions in their higher resolution C-photoelectron spectrum." These shoulders result from two types of transitions. The first type, which provides most of the intensity for the shoulders, is the 2r progression in the C3 bend. The second type is the 1: sequence band progression resulting from the 149 cm " ' frequency difference for v, between C3 and C7.
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The C bending mode has a fundamental frequency" of 63 cm 1 , which is significantly different from the calculated anion bending frequency (v, -300 cm').' 2 In addition, the neutral bending mode is very anharmonic and couples to both of the other C3 vibrational modes." All of these effects can produce excitation of the neutral upon anion photodetachment, and the latter two effects create a vibrational pattern for C3 which is poorly described by a separable normal
The inadequacy of the normal mode approximation for describing the C3 bend can been seen in Figure 2 . This shows the results of a Franck-Condon calculation assuming separable harmonic oscillators for the v, symmetric stretch and the v 2 degenerate bend. The anion wavefunction is generated assuming an anion bending frequency of 300 cm " based upon ab inito predictions, 4 "'" and a symmetric stretch frequency of 1075 cm " I (discussed below). The simulation shows some excitation of the neutral bend due to the large difference between the C and C-bend frequencies. However, the frequency difference alone does yield sufficiently bend excitation in C3.
In order to account for this discrepancy, an exact quantum mechanical calculation 49 
3) C 4 through C,
The photoelectron spectra of C-through C; show many similarities. Each is dominated by a sharp peak (labelled A in each spectrum) and contains several smaller peaks at lower eKE.
Peak A is assigned to the C. (v' = 0) +-C-" (v" = 0) transition in each spectrum. As in C3, the dominance of this transition indicates only a small change in geometry upon photodetachment.
As discussed earlier, there is experimental and theoretical evidence for the existence of linear neutral carbon molecules with up to 9 atoms. In addition, ab intio calculations predict linear ground state structures for all C-" (n < 6) anions.4 Based upon the appearance of our spectra and these other results, the peaks in the C-through C7 spectra are assigned to transitions between the linear forms of the anion and the neutral. The electron affinities for the linear carbon molecules are then determined from the position of peak A in each spectrum. The observed EA's for linear C 2 -C 9 (and Cl,) are compiled in Table V Most of the smaller peaks in the spectra presented here can be assigned to either vibrational progressions of the neutral or 'hot bands'. As discussed above, in photoelectron spectroscopy, excitation is seen principally in totally symmetric vibrational modes upon photodetachment. The combination of this principle and ab initio calculations of vibrational frequencies provides much of the basis for the assignments presented.
In addition to the vibrational progression assignments, some of the smaller peaks are assigned to excited electronic states of the linear neutral molecules (see discussion of C 4 , C 6 , and C,). In the spectra of C;', C-and C-(3.49 eV spectrum only)-" there are long tails extending to high eKE, which are assigned to transitions involving non-linear carbon neutrals and/or anions.
The analysis of the linear C; (n < 9) is divided into two sections: one for molecules with an odd number of carbon atoms (C.,,,) and the other for those with an even number of carbon atoms it is evident that several modes, including symmetric stretch and non-totally symmetric bend modes, are excited upon photodetachment of the anion. The forms of these vibrational modes are shown in Figure 8b . The assignments of the peaks in the C5 spectra (Table I ) are based upon ab initio results. 13 7 Peaks B, C and F are assigned to the 7 2 51 and 6g transitions, respectively.
The bend frequencies obtained from these assignments are 2vs /2 = 222 cm*1 and 2v 7 Table IV .
In addition to these assigned peaks, there are several other peaks to low eKE which do not appear in the 4.66 eV spectrum due to the lower resolution there. Although some of these peaks could potentially be assigned to Cs vibrations based upon agreement with ab initio results, higher resolution (10 cm') threshold photodetachment results obtained in this laboratory indicate that these peaks may actually be due to transitions involving another electronic state of C 5 . 5 
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This assignment is supported by a comparison of the two C; spectra presented here. The peaks to low eKE are relatvely more intense in the 3.49 eV spectrum than in the 4.66 eV spectrum.
It is well-documented that the partial cross-sections for different photoionization transitions have different energy dependences." It appears that the partial photodetachment cross-section for the transition to the excited state of C. decreases relative to the X', -X.L transition with increasing photodetachment energy. In agreement with this observation, there was little or no signal observed for this transition in the C-photoelectron spectrum obtained by Yang et al." using a photodetachment energy of 7.9 eV.
The photoelectron spectrum of CT obtained with a photon energy of 4.66 eV, Figure 1 , is similar to that of C;. Resolution limitations at higher eKE combined with additional low frequency bending vibrations of C 7 result in fewer fully resolved vibrational features, but some of the peaks can be assigned (Table I) Due to the high electron affinity of C relative to C 4 and C 6 , the amount of information obtained from the C-spectrum is not as abundant. The spectrum, Figure 4 , contains two peaks (A and B) at very low eKE separated by -565 cmw'. This lies close to the predicted value of the v 4 symmetric stretch vibration in C,,' j so peak B is tentatively assigned to the 40 transition.
It is also possible that peak B represents the low-lying 'A, excited electronic state of C,. 6 Liang et al." predict that the splitting between the 'I:-and 'A. states of a linear even carbon cluster decreases with increasing chain length, a reasonable result because the larger MO's available for the two i-electrons allow them to avoid each other more efficiently. However, according to this calculation, the splitting is predicted" to be 1130 cm-1, somewhat larger than the interval between peaks A and B. If this calculation were correct, the transition to the 'A. state would occur at an electron kinetic energy of 0.14 eV in the 4.66 eV photoelectron spectrum, which lies below the transmission limit of our spectrometer. Thus, although we believe we have observed transitions to the first excited 'A. state in the C7 and C7 spectra, a higher photodetachment energy may be necessary to observe this transition in the C7 spectrum.
4) C,., Cj and Non-linear Anion Photodetachment
The photoelectron spectra of CTo and C;,, We next consider the broad structure in the C-' and C, spectra. Every ab initio calculation for CIO has predicted a monocyclic ground state with the lowest linear isomer considerably higher in energy; Schaeffer predicts an energy difference of 2.9 eV, for example.'
It is therefore reasonable to assign the CT 0 spectrum to transitions to one or more electronic states of the cyclic CO isomer. Based upon its similarity to the CT 0 spectrum, the broad structure in the CT, spectrum is also assigned to a transition to cyclic C 1 . Thus, the C7I spectrum exhibits transitions to both the linear and cyclic forms of CI,.
A more difficult question pertains to the structures of the C7 0 and CT, anions which yield the broad features in the two spectra. Specifically, are these features due to linear anion --cyclic neutral transitions or cyclic anion -+ cyclic neutral transitions? The C-, spectrum suggests the latter to be the case. If only the linear C7, anions were responsible, then it is difficult to understand why the integrated intensity of the three sharp peaks assigned to the linear -+ linear transition is so much smaller than that of the broad features. A more reasonable explanation is that both the cyclic and linear isomers of Cf, are present in the ion beam, and that these are responsible for the broad features and the narrow peaks , respectively, in the spectrum. Yang et al." used similar reasoning to explain how their C-, photoelectron spectrum changed as a function of ion source conditions.
For CI 0 and C 1 , the assignment of the long tails in the spectra to the cyclic anion -+ cyclic neutral transitions allows us to estimate the electron affinities of the cyclic molecules. Based upon the eKE at which these long tails approach baseline, we can approximate the EA's of cyclic CI 0 and C, 1 to be 2.2 ± 0.1 eV and 1.5 ± 0.1 eV, respectively. These values are indicated by arrows in the CTO and C7, photoelectron spectra, Figure 5 .
One problem with the assignment of the broad features to the cyclic -+ cyclic transitions is that these features extend over at least 2 eV of electron kinetic energy, implying a substantial difference in geometry between the anion and the neutral and/nr the presence of overlapping electronic transitions. Both of these possibilities appear reasonable in light of the ab initio study by Liang and Schaeffer," which predicts three close-lying cyclic isomers of CI 0 : two cumulenic forms (one with D_% symmetry and one with D,0b symmetry) and one acetylenic form (Db). The bond lengths and angles are quite different among these three isomers. One can therefore envision transitions between cyclic forms of the anion and neutral involving a considerable change in geometry. Whether such a change is sufficient to explain the broad features in the C 1 0
and C-, spectra will require calculations of the anion geometries and a multidimensional FranckCondon simulation of the spectrum.
As noted previously, the CW, C; and C-photoelectron spectra show low-intensity 'tails' on the high eKE side of the sharp structure of the spectra (for C-,, the tail is only visible in the 3.49 eV spectrum). These tails extend for nearly 1 eV, suggesting that they are not simply 'hot bands'. Based on our interpretation of the C-' and C-spectra, we believe that the tails are due It is clear from these results that anion photoelectron spectroscopy can provide a wealth of information about these intriguing molecules. Higher resolution experiments employing both anion photoelectron spectroscopy and threshold photodetachment techniques" are underway to expand our knowledge of the linear molecules observed. These results also show that this method may be used to observe non-linear or cyclic carbon molecules. Further new techniques will be employed to enhance production of the non-linear species so that they may be studied in greater detail. With the aid of high level ab initio calculations, the structures of these species may be more easily understood. -x -a) For each peak assigned, there are also underlying sequence bands which arm unresolved in the spectrum. a) The v, mode is a symmetric stretch and v4 is a bend mode, see Figure 8a . b) Peak E is assigned to an excited electronic state, see text. 
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